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BACKGROUND: Intraoperative plasma transfusion is
common, yet little is known regarding its effects on perioperative coagulation tests or clinical outcomes.
STUDY DESIGN AND METHODS:
This is a retrospective cohort study of adults receiving intraoperative plasma transfusion at a single center from 2011 to 2015. Relationships between plasma transfusion volume, changes in coagulation test values, and clinical outcomes, including a primary outcome of early postoperative red blood cell (RBC) transfusion, were assessed with multivariable regression analyses. Secondary outcomes included hospital mortality, intensive care unit (ICU)-and hospital-free days, intraoperative RBC transfusions, and estimated blood loss.
RESULTS: A total of 3393 unique patients were included, with median (IQR) transfusion of 2 (2-4) units. In multivariable analyses, higher plasma volumes were associated with worse outcomes, with each 1 mL/kg increase associated with increased odds for postoperative ( 
CONCLUSION:
In patients receiving intraoperative plasma transfusion, higher transfusion volumes were associated with inferior clinical outcomes; however, greater improvements in INR were associated with improved outcomes. Future prospective studies are necessary to better define these relationships and to explore plasma transfusion triggers beyond the limitations of INR. P lasma transfusion is commonly performed in surgical patients, with a previously reported intraoperative plasma transfusion rate of 2.5% for all surgical procedures at a large tertiary care hospital and rates in excess of 20% when restricted to those undergoing cardiac, transplant, or spine surgery. of coagulation factor deficiencies when specific concentrates are unavailable, and microvascular bleeding with derangements in coagulation test results. 2 Regarding the latter, the American Society of Anesthesiologists (ASA) Practice Guidelines for Perioperative Blood Management from 2015 endorse the use of plasma for microvascular bleeding when the international normalized ratio (INR) is greater than 2.0. 3 While the INR has long been recognized for its inadequacies in predicting bleeding risk, it remains a commonly utilized laboratory modality for assessing perioperative coagulation status as well as patient-specific responses to plasma transfusion. Additionally, more liberal plasma transfusion strategies (e.g., triggered by INR ≥ 1.5) are frequently utilized in the perioperative period. 4 Given the inadequacies in INR, many centers routinely employ point-of-care viscoelastic testing such as thromboelastography (TEG) or rotational thromboelastometry to better assess coagulation status perioperatively in high risk patients. In these assays, reaction (R) time or clotting time values, respectively, are commonly utilized as triggers for plasma transfusion, as they measure the latency period between the start of the test and initial fibrin formation. Notably, there is limited evidence to guide intraoperative plasma transfusion practices. While the cessation of microvascular bleeding and prevention of dilutional coagulopathy may seem ideal endpoints, these outcomes are often difficult to detect in complex surgical cases requiring time-sensitive transfusion decisions. When plasma is transfused intraoperatively, its impact on coagulation test results (i.e., INR, R-values) and downstream clinical outcomes is unknown.
Given substantial equipoise surrounding the clinical effects of intraoperative plasma transfusion practices, the goals of this investigation were: 1) to assess the relationships between intraoperative plasma transfusion volume (dose) and clinical outcomes in a diverse cohort of surgical patients and 2) to assess the relationships between plasmaassociated changes in coagulation test results and clinical outcomes. We hypothesized that after adjustment for confounding, 1) higher volumes of intraoperative plasma would be associated with worse clinical outcomes and 2) greater plasma-mediated decreases in INR and R-values would be associated with superior clinical outcomes.
MATERIALS AND METHODS
This is a retrospective, single-center, cohort study conducted with approval from the Mayo Clinic (Rochester, MN) Institutional Review Board with waived written informed consent. The Strengthening the Reporting of Observational Studies in Epidemiology (STROBE) guidelines were used in the design and conduct of this study, as well as in the reporting of results. 5 Inclusion criteria were: 1) age ≥ 18 years; 2) intraoperative plasma transfusion (defined as occurring in the time frame between surgical incision and closure) between January 1, 2011, and December 31, 2015; 3) a pretransfusion INR value measured in the 24 hours before the first qualifying intraoperative plasma transfusion; and 4) a posttransfusion INR value measured in the 24-hour interval after the last qualifying intraoperative plasma transfusion. The posttransfusion INR value was defined as the first INR value occurring after the last unit of intraoperative plasma transfusion. Exclusion criteria included: 1) plasma utilized as part of therapeutic plasma exchange or apheresis, 2) a normal pretransfusion INR (i.e., ≤ 1.1), 3) lack of research authorization, and 4) prior inclusion in the study. For patients receiving intraoperative plasma transfusion during multiple surgical encounters during the study period, only the first intraoperative encounter was included.
Screening for potential study participants was performed using an institutional data warehouse called the OR DataMart, which captures data for all transfused patients at the study institution. 6 In addition, this resource contains clinical and procedural data for all patients admitted to an acute care environment. Additional pertinent baseline characteristics were obtained from a second validated database, the Mayo Clinic Life Sciences System. 7 Both databases have undergone extensive validation with accuracy superior to manual data collection alone. 8 The primary exposure variable of interest was the volume of plasma transfused (Aim 1), while changes in INR and R-time values (pretransfusion -posttransfusion) were analyzed as intermediary variables associated with the plasma transfusion episode (Aim 2). Additional potentially confounding variables of interest included demographic features, surgical characteristics (e.g., procedure type, procedure length, emergency surgery, estimated blood loss), clinical features (e.g., comorbid medical conditions, Charlson comorbidity scores, sequential organ failure assessment [SOFA] scores, ASA physical status), perioperative transfusions, and perioperative laboratory tests. SOFA scores were calculated for each patient by taking the worst organ system score in the 24-hour window before surgery, with missing values assumed to represent no deficits in that domain. TEG-derived R-time values were included if the pretransfusion TEG was obtained within 1 hour of the first intraoperative plasma transfusion and the posttransfusion TEG was obtained within 6 hours after the last unit of intraoperative plasma. These time frames were chosen rather than 24 hours because 1) TEG values at the study institution are typically drawn intraoperatively for the immediate guidance of transfusion decisions, while INR values may be drawn as baseline laboratory variables or for the verification of anticoagulation status before a surgical insult and 2) anesthesiologists at the study institution typically refrain from using point-of-care viscoelastic results for the guidance of transfusion decisions extending beyond 1 hour, and repeat Volume 59, January 2019 TRANSFUSION 113 results are generally obtained within the first several hours of transfusion. At the study institution, TEG values are used routinely for all patients undergoing liver transplant surgery and in patients with anticipated or perceived coagulopathy after separation from cardiopulmonary bypass. R-time values obtained after the first intraoperative plasma unit transfused but preceding additional units of intraoperative plasma were not included. Similarly, R-time values obtained after the last intraoperative plasma unit but without corresponding pre-transfusion values were not included.
The primary outcome of interest was the administration of one or more units of allogeneic red blood cells (RBCs) in the first 24 postoperative hours, as RBC transfusion in this early postoperative period is typically reflective of ongoing surgical blood loss. Secondary outcomes included intensive care unit (ICU) admission rates, hospital mortality, ICU-free days, and hospital-free days. Free days were defined by subtracting the ICU or hospital length of stay in days from 28, with patients dying during the ICU or hospital stay receiving a score of zero. Patients with ICU or hospital lengths of stay greater than 28 days also received a score of zero. Of note, intraoperative RBC transfusions and estimated blood loss were utilized as covariates to account for the severity of the surgical insult rather than outcome variables in primary analyses. However, recognizing that these variables may represent clinically important outcomes for intraoperative plasma transfusion, sensitivity analyses were performed utilizing 1) intraoperative RBC transfusions occurring after the first plasma unit and 2) estimated blood loss as outcome variables. In these instances, only pretransfusion characteristics were utilized as covariates with explicit exclusion of intraoperative features to avoid cause-effect reversal (i.e., surgery length, intraoperative transfusions of platelets [PLTs] and cell-salvaged blood, intraoperative RBC transfusions given before plasma, intraoperative factor concentrate use).
Regarding the indications for intraoperative plasma transfusion at the study institution, plasma is administered at the discretion of the covering anesthesiologist (often with consultation of the surgical team), and no documented indication is required before administration. While there are no mandatory triggers or targets for plasma transfusion, providers are encouraged to refrain from plasma transfusion in the absence of ongoing microvascular blood loss when the INR is less than 2. For cardiac surgery, anesthesiologists follow a previously published algorithm utilizing an INR of more than 1.6 as a trigger for plasma transfusion in the presence of microvascular bleeding. 9 
Statistical analysis
The sample size was estimated for the primary outcome of aim 1 (i.e., postoperative RBC transfusion) by assuming a postoperative RBC transfusion rate of 25% in plasmatransfused patients (historical data from institution) and an odds ratio (OR) of 1.25 for this outcome in those transfused with less than 10 mL/kg of plasma (estimated to comprise 50% of the cohort) compared to those receiving greater than 10 mL/kg. Under these assumptions, an approximate sample size of 3200 patients was required (80% power; 5% twosided alpha). Baseline demographics and intraoperative characteristics were summarized using frequencies and percentages for categorical variables and median and interquartile ranges (IQRs) for continuous variables. Associations between the volume of plasma administered (mL/kg), pretransfusion INR and R-values, and plasma-mediated changes in INR and R-values were examined using multivariable linear regression adjusted for the effects of variables selected a priori. These included 1) preoperative demographics (age, sex, body mass index); 2) preoperative laboratory values potentially indicative of severity of illness (creatinine, sodium, glucose, white blood cell [WBC] count) or risk for bleeding (Hb, PLT count, INR); 3) preoperative medications associated with alterations in hemostasis (aspirin or nonsteroidal anti-inflammatory drugs within 7 days of the procedure, warfarin within 5 days of the procedure, direct oral anticoagulants within 5 days of the procedure, therapeutic heparin or low-molecular-weight heparin within 24 hours of the procedure), or severity of illness (vasopressors or inotropes within 24 hours of the procedure, insulin infusion within 24 hours of the procedure); 4) preoperative PLT, plasma, and RBC transfusions within 24 hours of the procedure, which may indicate existing coagulation abnormalities, anemia, or bleeding; 5) intraoperative transfusion volumes of PLTs, allogeneic RBCs, and cell-salvaged blood and total crystalloid and colloid volumes, which may indicate the magnitude of the surgical insult; 6) intraoperative factor concentrate administration (including prothrombin complex concentrates and single factor replacements), which may indicate rapid or marked surgical bleeding; 7) surgical features (surgery type, surgery length, anesthesia type [general, monitored anesthesia care, primary regional], emergency surgery, estimated blood loss); and 8) patient comorbidities (preoperative Charlson and SOFA scores).
We used a multiple imputation approach with 10 independent imputed data sets to fill in missing values (sex 0.1%, age 0.4%, surgery time and sodium 1.3%, Hb and ASA physical status 1.4%, WBCs 1.8%, creatinine and glucose 2.2%, anesthesia type 3.1%, plasma volume 3.4%, body mass index 5.5%, and estimated blood loss 8.8%) prior to analysis. 10, 11 Associations between the predictors of interest and clinical outcomes were analyzed using multivariable logistic or linear regression as appropriate (adjusted for the same effects as noted above). Multiple sensitivity analyses were planned a priori, including: 1) restriction to patients undergoing cardiac surgery; 2) restriction to those on preoperative warfarin therapy; and 3) restriction to those with INR values less than or equal to 1.5, greater than 1.5 and less than 2, and greater than or equal to 2. Additionally, we also performed predefined analyses stratified by high or low intraoperative RBC requirements, separated at a threshold of 3 units of allogeneic RBCs during the surgical encounter (≥3 units for high, <3 units for low). All statistical analyses were performed using computer software (SAS Version 9.4, SAS Institute). All tests were two-sided, and a p value of less than 0.05 was determined to be significant.
RESULTS
A total of 3393 unique patients met inclusion criteria and received intraoperative plasma transfusion (Fig. 1 ). Baseline demographic, clinical, and laboratory features for the cohort are displayed in Table 1 Table S1 (available as supporting information in the online version of this paper). Table 2 . There were no significant associations between either measure and clinical outcomes except for a reduction in ICU-free days with higher pretransfusion R-times.
Sensitivity analyses
Analyses limited to cardiac surgery patients are displayed in Table S2 (available as supporting information in the online version of this paper). Of the 2142 patients, 711(33.2%) received postoperative RBCs, 896 (41.8%) received intraoperative RBCs after the first unit of plasma, and 114 (5.3%) patients died. Briefly, higher volumes of plasma administered intraoperatively were associated with higher postoperative RBC transfusion rates, fewer ICU-and hospital-free days, increased intraoperative RBC transfusion rates, higher RBC volumes after plasma transfusion, and greater estimated blood loss. Higher pretransfusion INR values were associated with greater propensity for postoperative RBC transfusion and mortality, but not with intraoperative RBC transfusions or estimated blood loss. Greater decreases in INR after plasma transfusion were associated with decreased odds for intraoperative and postoperative RBC transfusion, decreased mortality, and more ICU-and hospital-free days.
A total of 946 patients (27.9%) received warfarin within 5 days of surgery. Of these, 316 (33.4%) received postoperative RBCs, 409 (43.2%) received intraoperative RBCs after plasma transfusion, and 40 (4.2%) patients died. Similar to the entire cohort, plasma transfusion volume was associated with fewer ICU-and hospital-free days, increased incidence and volume of intraoperative RBCs, and greater estimated blood loss (Table S3 , available as supporting information in the online version of this paper). Higher preoperative INR values in patients on warfarin were not associated with the incidence of intraoperative or postoperative RBCs, although greater decreases in INR after plasma transfusion were associated a modest reduction in intraoperative RBC volume in this group (mean difference, −0.56 units; 95% CI, −1.08 to −0.05 units; p = 0.032) .
Outcomes by severity of pretransfusion INR values (grouped as <1.5, 1.5-2, and ≥2) are displayed in Table 3 . Briefly, the associations observed with plasma volume and the primary and secondary outcomes were largely consistent across preoperative INR groups, such that higher plasma volumes were associated with worse clinical outcomes including increased odds for intraoperative RBCs and higher estimated blood loss. Higher plasma volumes were associated with increased odds for postoperative RBCs in those with pretransfusion INR values less than 2 but not in those with higher pretransfusion INR values.
Analyses based on the quantity of intraoperative allogeneic RBCs, divided at a quantity of 3 units, are shown in Table S4 (available as supporting information in the online version of this paper). A total of 1373 patients received 3 or more units of intraoperative RBCs. In this group, 627 (45.7%) received postoperative RBCs, 1048 (76.3%) received intraoperative RBCs after the first unit of plasma, and 21 (7.3%) patients died in the hospital. A total of 2020 patients received less than 3 units of intraoperative RBCs. Among these, 574 (28.4%) received postoperative RBCs, 542 (26.8%) received intraoperative RBCs after plasma transfusion, and four (1.2%) patients died. In both groups, higher plasma volumes were associated with increased incidence of postoperative RBC transfusion, fewer ICU-and hospitalfree days, greater incidence and volume of intraoperative RBCs, and higher estimated blood loss. In those receiving less than 3 units of intraoperative RBCs, higher plasma volumes were also associated with increased mortality, but this was not observed in those receiving 3 or more units of RBCs. Greater decreases in INR were associated with decreased risk for postoperative RBCs in both groups.
DISCUSSION
In this cohort of more than 3000 patients receiving intraoperative plasma transfusion, increased doses of plasma were associated with greater decrements in posttransfusion INR but not with improved clinical outcomes. On the contrary, higher plasma volumes were associated with increased odds for intraoperative and postoperative RBC transfusion, higher mortality, and fewer hospital-and ICU-free days, even with careful adjustment for the severity of coagulation abnormalities, patient comorbidities, and the severity of the surgical insult.
While it has long been recognized that higher doses of plasma result in greater changes in INR, [12] [13] [14] there has been no objective evidence that this results in decreased bleeding or improved clinical outcomes in surgical patients. In this analysis, patients receiving higher doses of plasma indeed achieved greater improvement in the INR. However, higher doses of plasma did not translate to improvement in postoperative outcomes even with careful adjustment for important patient and procedure-related factors. This finding is quite distinct from what has been observed in patients with acute trauma, in which early plasma transfusion as part of a damage control resuscitation strategy has been associated with improve patient outcomes. 15, 16 While the precise circumstances surrounding each intraoperative transfusion episode were not available, there are plausible explanations for the lack of perceived benefit in this cohort. First, distinct from the patient with acute traumatic hemorrhage, some surgical patients likely receive plasma in reaction to abnormal coagulation test values in the absence of microvascular bleeding. As has been shown previously, the INR by itself is a poor marker of bleeding risk in nonhemorrhaging patients. [17] [18] [19] In this study, higher pretransfusion INR values were associated with increased rates of postoperative RBC transfusion but not with intraoperative RBC transfusion or estimated blood loss. In warfarin-treated patients specifically, the pretransfusion INR was not associated with clinical outcomes. Additionally, clotting factors may remain at sufficient levels until the INR is greater than 2.5, 20 which falls beyond typical transfusion thresholds encountered in this study. Hence, rather than correcting any perceived abnormality in hemostatic balance, higher doses of plasma may have inadvertently been associated with hemodilution, potentially pushing Hb values beyond RBC transfusion thresholds. Moreover, when plasma was given in response to ongoing surgical blood loss, it is unclear if the timing of plasma administration (early vs. late in response to hemorrhage) was associated with clinical outcomes. This may represent another explanation for the observed discrepancy between these findings and those from previous studies in acute trauma. Regarding plasma given in response to active bleeding, there is evidence to suggest that increased intravascular pressures (as may be experienced with the rapid administration of a high volume product) may paradoxically result in increased blood loss. [21] [22] [23] For this reason, many anesthesiologists at the study institution cautiously allow permissive hypotension in times of acute exsanguination, to prevent worsening hemorrhage. Hence, higher doses of plasma may have theoretically perpetuated surgical bleeding. Third, while one would assume that plasma given for the purpose of combating microvascular bleeding would have the desired clinical effect, there is limited evidence to either support or refute this notion. Microvascular bleeding is generally the result of multiple complex and often interacting mechanisms. 24 Hence, higher-volume plasma administration by itself may not result in improved outcomes, especially at mild-to-moderate elevations in INR. Indeed, recent interventions for the prevention and treatment of microvascular bleeding have looked beyond traditional replacement of clotting factors (i.e., fibrinogen and factor concentrates, antifibrinolytic therapy, early PLT transfusion). [25] [26] [27] [28] Plasma administration has been associated with a variety of complications, including transfusion-associated circulatory overload (TACO), transfusion-related acute lung injury (TRALI), allergic and febrile reactions, nosocomial infection, and multiorgan failure. [29] [30] [31] [32] TRALI and transfusion-associated circulatory overload occur more frequently than clinically recognized, are associated with higher plasma doses, and have been linked to increased lengths of stay and mortality. [33] [34] [35] Fortunately, with improvements in transfusion practices and blood bank strategies (e.g., male-predominant plasma), clinically meaningful rates of TRALI remain low. 36 Despite this, higher plasma volumes have also been associated with increased rates of infection and multiorgan failure. 30 While this study was not specifically designed to assess the incidence of plasmarelated complications, it is possible that their occurrence may have been associated with worse outcomes in our cohort. In addition to the potential effects of transfusion therapies, it should also be noted that high crystalloid volumes have recently been associated with an increased incidence of acute respiratory distress syndrome in patients with acute trauma. 37 As our cohort received median intraoperative crystalloid volumes greater than 6 L, with higher volumes observed in those with increased plasma volumes, it is important to note this potential modifier of postoperative outcomes. It must also be noted that the achievement of greater decreases in INR after plasma transfusion was associated with improved clinical outcomes. This suggests that patients that received a greater decrement in INR after any given dose of plasma were phenotypically unique from those with less abrupt responses (e.g., greater severity of acute hemorrhage, ongoing hemorrhage without adequate control, worsening coagulopathy independent of the effects of plasma). Interestingly, this was true at all levels of pretransfusion INR, although effects were greatest with INR values between 1.5 and 2.0. When limiting analyses to those receiving warfarin, these relationships were no longer apparent. This supports the role of unmeasured patient or surgical characteristics rather than the degree of therapeutic anticoagulation as the driver of outcomes. However, it must also be emphasized that when controlling for the severity of pretransfusion INR and the magnitude of INR change after transfusion, patients receiving higher plasma volumes had inferior outcomes to those receiving lower volumes. This suggests that if two patients with equivalent derangements in coagulation test results, similar clinical features, and similar intraoperative characteristics receive an equal volume of plasma, the patient that achieves a greater decrease in INR is likely to experience better clinical outcomes. By the same token, if a patient receives an increased volume of plasma to achieve an equivalent drop in the INR, then that patient is likely to experience a worse outcome. Unfortunately, it is not clinically possible to monitor the temporal profile of in vivo changes in coagulation in real time during plasma administration, and hence the optimal transfusion stopping point based on laboratory testing remains unclear. Cessation of microvascular bleeding would seem an obvious surrogate endpoint for plasma transfusion, but that is a subjective marker based on direct observation of the surgical field by experienced physicians. It is possible that administration of plasma beyond a critical endpoint may be a driver of worse patient outcomes.
With regard to TEG values, there were no significant relationships observed between R-time derangements, plasma-mediated changes in R-values, and clinical outcomes. While surprising, caution must be taken before drawing conclusions. Only a minority of patients had TEG values obtained (23%), with the majority of these patients undergoing cardiac or liver transplant surgery. Many may have experienced refractory microvascular bleeding or ongoing massive hemorrhage. Hence, changes in R-values in this subset of patients may not reflect true clinical outcome relationships in those without massive or refractory bleeding. As an alternative explanation, it is possible that R-values are truly poor predictors of perioperative outcomes for this cohort of plasma-transfused patients. Regardless, further research is clearly warranted to better define these relationships.
Despite notable strengths of this investigation including a large sample size with robust adjustment of patient comorbidities and surgical features, there are limitations. First, this is a retrospective analysis, and we were unable to account for the precise circumstances surrounding each transfusion episode. Hence, it is unclear how many transfusions were prophylactic (e.g., in response to abnormal coagulation variables) versus therapeutic (e.g., in response to bleeding). Furthermore, this study was not designed to compare patients receiving any plasma versus no plasma for the management of intraoperative laboratory coagulation derangements, as all patients received intraoperative plasma. As in all observational research, these results do not imply causality. Moreover, there exists the potential for unmeasured confounding despite careful protocol development and statistical adjustment. Specifically, those receiving higher plasma volumes may have been representative of a sicker patient population, although careful adjustment was performed based on preoperative severity of illness (i.e., Charlson score, SOFA score) and laboratory and medication profiles. Results may also have been influenced by the extent of the surgical insult or the severity of intraoperative bleeding. To account for this, all analyses were adjusted by surgery type, duration, estimated blood loss, and intraoperative RBC volume. We also performed predefined sensitivity analyses by the magnitude of intraoperative allogeneic RBC transfusion (delineated at a threshold of 3 units) with consistent findings. Additionally, the use of postoperative RBC transfusion as an outcome measure for bleeding may have inadvertently included some patients being treated for nonhemorrhagic conditions (e.g., anemia of chronic disease). While we did not have a more reliable and universal marker of hemostasis available as an outcome measure, the presence of a hemostatic marker would strengthen future investigations. Despite this, we attempted to control for procedural characteristics including the severity of intraoperative blood loss. Recognizing that the magnitude of intraoperative blood loss itself may be a relevant outcome measure, we also performed analyses utilizing estimated blood loss and intraoperative RBC volume (occurring after the first unit of plasma) as outcome measures. To this end, increases in intraoperative plasma volume were associated with increased intraoperative RBC volumes and greater estimated blood loss despite careful statistical adjustment of patient illness, laboratory derangements, medications, and procedural factors.
Utilization of the INR for the guidance of plasma transfusion decisions is another limitation of the study. While this reflects real-world clinical practice (i.e., the INR is a widely utilized marker for the guidance of plasma transfusion decisions), this approach is inherently flawed. The INR was developed to standardize prothrombin time values across laboratories with the primary goal of optimizing warfarin dosing and monitoring. Previous studies have consistently noted a lack of correlation between mild-to-moderate derangements in the INR and bleeding complications. 14, [17] [18] [19] This may be explained, in part, by individual clotting factor levels that remain sufficient for thrombus formation (i.e., greater than 30 IU/dL) despite mild elevations in the INR. 12, 32 Moreover, an elevated INR does not implicitly reflect derangements in clinical hemostasis even in the presence of decreased clotting factor levels. In a previous investigation of nonanticoagulated critically ill patients with moderate elevations in INR (i.e., INR 1.5-3.0), viscoelastic test results, as measured by rotational thromboelastometry, were largely unaffected despite reductions in individual factor levels, and plasma transfusion did not result in a more procoagulant state. 38 Similarly, multiple investigations have observed higher rates of bleeding complications in patients that receive prophylactic plasma transfusion for the management of elevated INR values in the absence of clinical bleeding. [39] [40] [41] As another study limitation, plasma transfusion volumes were modest (median, 8.9 mL/kg), and hence "suboptimal" plasma dosing may have affected study results. Furthermore, most transfusions were administered with INR values less than 2 and hence within the range of potentially "preserved" hemostasis. This may have influenced the lack of observed benefit with higher doses of plasma transfusion; however, this provides a true snapshot of clinical practice at the study institution. Given that 95% of plasma transfusions occurred with INR values less than 3, we are unable to comment on the utility of plasma transfusion at greater levels of INR derangement. Theoretically, a critical threshold may exist beyond which higher plasma volumes are associated with improved outcomes. It should also be noted that with only 203 mortality events, multivariable analyses for this outcome are at risk for overfitting. However, we opted to include the same adjustment covariates for this outcome for the sake of consistency in adjustment terms, and there were no glaring issues with model fit. Minimally adjusted analyses are provided as supplemental material (Table S1 ). Additionally, we were underpowered for many of the sensitivity analyses. However, it was important to maintain the same adjustment terms in these exploratory analyses to be confident that any observed differences were truly representative of effects in the unique patient subgroup rather than a reflection of changes in adjustment variables. Finally, this study population is derived from a single academic medical center and is compromised predominantly of cardiac surgery patients with modest abnormalities in pretransfusion INR, which limits external validity and generalizability.
In conclusion, in this single-center investigation of intraoperative plasma transfusion practices consisting predominantly of patients with mild-to-moderate laboratory coagulation abnormalities, greater intraoperative plasma transfusion volumes were associated with greater decreases in INR values but not with improvements in clinical outcomes. Future prospective multicenter studies with predefined transfusion triggers, plasma transfusion volumes, and outcomes will be greatly beneficial in further assessing the impact of intraoperative plasma transfusion practices on hemostasis and clinical outcomes. Table S1 . Relationships between plasma transfusion characteristics, coagulation features, and clinical outcomes in multivariable analyses, including minimally-adjusted and fully adjusted models Table S2 . Associations with primary and secondary outcomes in cardiac surgery patients (n = 2142) using multivariable regression Table S3 . Associations with primary and secondary outcomes in patients on warfarin (n = 946) using multivariable regression Table S4 . Associations with primary and secondary outcomes using multivariable regression stratified by intraoperative RBC units
